Abstract The identification and molecular characterisation of two lipin-like gene copies (GhLIPN) in cotton, Gossypium hirsutum, an allotetraploid derived from two progenitor diploid Gossypium species, is described. Sequence analyses of the GhLIPN copies, designated GhLIPN-1 and -2, revealed that they contain 11 exons, separated by ten introns. They each have a 2,643 bp open reading frame that encodes 880 aa proteins, and share a 97.7 and 95.5 % sequence similarity at the translated nucleotide and amino acid level, respectively. The GhLIPN genes have a distinct domain architecture consisting of an archetypical N-terminal lipin domain, followed by a haloacid dehalogenase (HAD) domain towards the C-terminus.
Introduction
The fungal phytopathogen Verticillium dahliae is widespread, occurring on a variety of economically important crops, including cotton (Klosterman et al. 2009 ), where infection is characterised by wilting (Göre et al. 2009 ) and results in significant cotton crop losses (Bolek et al. 2005; Aguado et al. 2010) . Differential display transcriptome analysis was previously used to identify changes in gene expression of V. dahliae-resistant G. hirsutum cells challenged with a cell-wall-derived (CWD) V. dahliae elicitor, to identify defence-related genes. An up-regulated lipinlike expressed sequence tag (EST) (designated C1B10) was identified (Zwiegelaar 2003) . This study is the first report of lipin genes in cotton and provides a foundation for the further investigation of the role(s) of plant lipins.
Lipins are recently identified phosphatidate phosphatases (PAPs) which have a crucial function in the lipid metabolism of eukaryotes (Reue and Zhang 2008) . Owing to their PAP activity (Type 1, Mg 2? -dependent), lipins convert phospholipase D (PLD)-derived phosphatidic acid (PA) to diacylglycerol (DAG) and phosphate, in the presence of Mg 2? . DAG is further metabolised to produce integral membrane components such as phospholipids and galactolipids, in addition to triacylglycerol (TAG), for lipid storage (Reue and Zhang 2008; Carman and Han 2009 ). Lipin orthologues have been found in distant eukaryotic species and lipin mutants of diverse species have illustrated the vast implications of lipin activity, which ranges from fat metabolism in mammals to dynamic membrane remodelling in yeast (Han et al. 2007) , nematodes (Gorjánácz and Mattaj 2009) , plants (Nakamura et al. 2009; Eastmond et al. 2010 ) and mice (Péterfy et al. 2001; Donkor et al. 2009 ). The mediation of lipid metabolism by lipins is clearly a dynamic process, which allows the organism to adapt to its ever-changing environment (Csaki and Reue 2010) .
Two lipin orthologs (AtPAH1 and AtPAH2) were identified in the model plant Arabidopsis thaliana (Nakamura et al. 2009 ). AtPAH1 and AtPAH2 encode functional PAP1 enzymes, which are responsible for the eukaryotic pathway of DAG synthesis (Mietkiewska et al. 2011) . These lipins mediate membrane lipid remodelling, which occurs exclusively through the eukaryotic endoplasmic reticulum (ER)-mediated supply of DAG. Nakamura et al. (2009) proposed that plants employ lipinmediated lipid remodelling to overcome phosphate shortage stress and pah1/2 A. thaliana double mutant studies by Eastmond et al. (2010) , suggests that AtPAH1/2 function indirectly to repress phospholipid biosynthesis and that this regulation likely occurs at the transcript level for many enzymes.
Commercially cultivated cotton, Gossypium hirsutum, is an allotetraploid that derived from a genomic hybridisation event between diploid cotton species from Africa (A-genome) and America (D-genome). The genomic merger occurred approximately 1-2 million years ago (Mya), and prior to this event, the A-and D-diploid species had evolved in isolation for approximately 5-10 million years (Senchina et al. 2003; Wendel and Cronn 2003) . Consequently, G. hirsutum has two fully differentiated co-resident genomes, described as A T D T , (Udall et al. 2006) , and at each given locus there are two copies each from the maternal, ancestral parent (A-genome) and two from the paternal parent (D-genome) Adams et al. 2009 ). The progenitor A-and D-genomes are represented by the extant species G. herbaceum (A 1 -genome), G. arboreum (A 2 -genome) and G. raimondii (D-genome) (Cronn et al. 1999; Udall et al. 2006; Adams et al. 2009 ). Many gene copies arising from the A T and D T subgenomes have recently been mapped to the A-and D-genomes from these diploid Gossypium species (van Deynze et al. 2009; Flagel and Wendel 2010) . In polyploids, the allele pairs are called homoeologs, since they derived from the genomic merger of two different species (Wendel 2000; ). Evidence has shown that homoeologs evolved independently following polyploid formation in cotton (Cronn et al. 1999; Small and Wendel 2002) . However, Salmon et al. (2010) demonstrated that the co-resident genomes have undergone between 1.8 and 1.9 % nonreciprocal homoeologous exchanges, or gene conversions, since the genomic merger 1-2 Mya.
Although polyploidy is prevalent among angiosperms Flagel and Wendel 2010) , with [70 % having undergone one or more episodes of polyploidy at some point (Moore and Purugganan 2005) , and [75 % of these resulted in allopolyploids (Jackson and Chen 2009) , the vast genetic implications of polyploidy on plant diversification and adaptive evolution have only recently become apparent due to large-scale investigations into comparative genomics, transcriptomics and epigenomics Ainouche and Jenczewski 2010) . Many molecular changes arise immediately following allopolyploid formation, of which the most notable involve changes in gene expression (Adams and Wendel 2005; Dong and Adams 2011) .
Materials and methods
Plant material, elicitor preparation and induction of cell suspension cultures Cotton (Gossypium hirsutum) cv OR 19 (V. dahliae-resistant cultivar) cell suspension cultures were established from callus tissue and grown in the dark at 25 ± 3°C on a continuous rotary shaker at 120 rpm (Phillips et al. 2012) . All experiments were performed on cells in the logarithmic growth phase, 2-3 days after sub-cultivation. The V. dahliae elicitor was prepared from the heat-released fraction of the mycelial cell walls (Dubery and Slater 1997) . Cotton cell suspensions (25 ml) were treated with 5 lg/ml CWD V. dahliae elicitor, or only culture media for the controls. The suspensions were incubated for 24 h at 25°C (Phillips et al. 2013 ).
Genome walking
Genomic DNA was isolated using a CTAB method (Murray and Thompson 1980) . DNA (6 lg) was digested with 2.5 U/lg DNA of the following restriction enzymes: StuI, DraI, PvuII, EcoRV, SnaB, SspI, PdiI, Eco47III, SacI, XbaI, EcoRI and HindIII (Fermentas, St. Leon-Rot, Germany). The reaction was incubated for 16 h at 37°C. Adaptors 1 (5 0 -GTAATACGACTCACTATAGGGCAC GCGTGGTCGACGGCCCGGGCTGGT-3 0 ) and 2 (5 0 -ACCAGCCC-3 0 ) from a GenomeWalker TM Universal kit (Clontech, Madison, WI, USA) were annealed together to yield a 25 lM genome walker adaptor using an initial incubation at 94°C for 5 min, after which the temperature was reduced every min by 1°C, until the temperature reached 4°C. The ends of each of the digested genomic library fragments (10 ll) were ligated to 25 lM genome walker adaptor with 3 U T4 DNA ligase (Bioline, London, UK) at 16°C for 16 h. The reaction was diluted five times with ddH 2 O and primary and secondary/nested PCR were performed on the adaptor-ligated, restriction-digested cotton DNA. Gene-specific primers (GSPs) were designed to amplify genomic sequences upstream and downstream of the 213 bp EST, named C1B10. The primary PCRs (25 ll) contained 19 Ex Taq TM buffer, 0.2 mM dNTPs (TaKaRa, Madison, WI, USA), 0.2 lM adaptor primer 1 (AP1) (5 0 -GTAATACGACTCACTATAGGGC-3 0 ), 0.2 lM GSP (Additional file 1: Table S1 ), 1.25 U TaKaRa Ex Taq TM (TaKaRa Bio Inc.), and 0.1-1 lg adaptor-ligated, digested DNA template. The PCR conditions consisted of an initial denaturation at 94°C for 2 min, then 35 cycles of denaturation at 94°C for 20 s, annealing at 55°C for 30 s, and elongation at 72°C for 4 min, followed by a final elongation step at 72°C for 15 min. The primary PCRs were diluted 1:49 in ddH 2 O and 0.5 ll of the diluted primary PCR products were used as a template for the secondary (nested) PCR with 0.2 lM adaptor primer 2 (AP2) (5 0 -ACTATAGGGCACGCGTGGT-3 0 ) and an internal GSP (Additional file 1: Table S1 ). The same cycling conditions were used for the secondary PCRs, except the annealing temperature was increased to 60-65°C to improve sensitivity. The PCR products were purified, cloned into a pGEM Ò -T Easy vector (Promega, Fitchburg, WI, USA) and sequenced.
Rapid amplification of cDNA ends (RACE)
The 5 0 and 3 0 RACE reactions were performed with a 5 0 /3 0 RACE kit, second Generation (Roche Diagnostics, Mannheim, Germany) in order to obtain the full-length cDNA sequence of each gene copy. The protocol was carried out according to the manufacturer's instructions with minor modifications. Briefly, total RNA was isolated from cotton cell suspensions with an RNeasy Ò Plant Mini Kit (Qiagen, Hilden, Germany) and mRNA was isolated from the total RNA with an Oligotex mRNA Mini Kit (Qiagen). mRNA (250-500 ng) was reverse transcribed to cDNA with 0.5 lM GSP (Additional file 1: Table S1 ), and 25 U Transcriptor Reverse Transcriptase (Roche Diagnostics) in 10 ll reaction. The 5 0 single-stranded cDNA molecule was purified with a Nucleospin Ò Extract kit (Macherey-Nagel, Düren, Germany) or DNA Clean and Concentrator TM kit (Zymo Research, Freiburg, Germany) . A homopolymeric A-tail was then added to the 3 0 end of the cDNA strand with a recombinant Terminal Transferase (Roche Diagnostics) and dATP. Primary PCRs were performed with 0.2 lM oligo dT-anchor primer (5 0 -GACCACGCGTAT CGATGTCGACT 16 V-3 0 V = A, C or G), and 0.2 lM of a second GSP (Additional file 1: Table S1 ). The PCR cycling conditions consisted of denaturation at 95°C for 2 min, followed by 35 cycles of denaturation at 94°C for 20 s, annealing at 55°C for 30 s, extension at 72°C for 2 min, followed by a final extension at 72°C for 7 min. The primary 5 0 RACE reaction products were diluted 1:49 with ddH 2 O and used as the templates in secondary 5 0 RACE reactions. The secondary 5 0 RACE reactions were performed with 0.2 lM oligo dT-anchor primer and 0.2 lM of a third internal GSP (Additional file 1: Table S1 ). The same cycling parameters were used for the secondary 5 0 RACE PCR, except the annealing temperature was raised to 60-65°C to improve sensitivity. The 5 0 RACE products were purified, cloned into a pGEM Ò -T Easy vector and sequenced.
For 3 0 RACE, 1 ll (40-80 ng) mRNA was reverse transcribed to cDNA with 0.5 lM 3 0 RACE adapter (5 0 -GCGAGCACAGAATTAATACGACTCACTATAGG T 12 VN-3 0 V = A, C or G, N = any base) from an Ambion FirstChoice Ò RLM-RACE kit (Ambion, Naugatuck, CT, USA) and 25 U Transcriptor Reverse Transcriptase (Roche Diagnostics) in a 10 ll reaction according to the manufacturer's instructions. A primary PCR was performed with 0.2 lM 3 0 RACE outer primer (5 0 -GCGAGCACAGAAT TAATACGACT-3 0 ) (Ambion) and 0.2 lM GSP (Additional file 1: Table S1 ). The PCR cycling conditions consisted of denaturation at 95°C for 2 min, followed by 35 cycles of denaturation at 94°C for 20 s, annealing at 55°C for 30 s, extension at 72°C for 30 s, final extension at 72°C for 7 min. The primary 3 0 RACE reaction products were diluted 1:49 with ddH 2 O and used as templates in the secondary 3 0 RACE reaction, performed with 0.2 lM 3 0 RACE inner primer (5 0 -CGCGGATCCGAATTAATA CGACTCACTATAGG-3 0 (Ambion) and 0.2 lM third internal GSP (Additional file 1: Table S1 ). The cycling conditions were the same as the primary 3 0 RACE PCR, except the annealing temperature was raised to 60-65°C to increase specificity. The 3 0 RACE products were purified, cloned into a pGEM Ò -T Easy vector and sequenced.
Obtaining the full-length GhLIPN sequence Three PCR reactions were performed to obtain genomic sequences not covered by the genome walking reactions. Each PCR contained 0.04 U ExSel high-fidelity DNA polymerase (JMR Holdings, Kent, UK), 1 X reaction buffer that provided 2 mM MgSO 4 final concentration (f.c.), 0.2 mM dNTPs (Bioline), 0.2 lM of each GSP (Additional file 1: Table S1 ) and 50-135 ng DNA template. The PCR cycling parameters included an initial denaturation at 94°C for 2 min, then 35 cycles of denaturation at 94°C for 20 s, annealing at 60°C for 30 s and elongation at 70°C for 2.5 min, followed by a final elongation step at 70°C for 7 min. The PCR products were purified, cloned into a pGEM Ò -T Easy vector and sequenced. A RT-PCR was performed to obtain cDNA sequence not covered by the RACE reactions. PCR was performed with 0.5 ll cDNA template, 0.08 U ExSel high-fidelity DNA polymerase (JMR Holdings), 1 X reaction buffer (at a 2 mM MgSO 4 f.c.), 0.2 mM dNTPs (Bioline) and 0.2 lM of each primer (LiD 1F (5 0 -CCTTAGTTGGAAGGG ATTGGA-3 0 ) and RR3 (5 0 -TTCCTTACAAGATGAAC CCCAAC-3 0 ). The PCR cycling parameters consisted of an initial denaturation at 94°C for 2 min, then 35 cycles of denaturation at 94°C for 20 s, annealing at 60°C for 30 s and elongation at 70°C for 1 min, followed by a final elongation step at 70°C for 7 min. The PCR products were purified, cloned into a pGEM Ò -T Easy vector and sequenced.
Obtaining the full-length genomic sequences of each GhLIPN gene copy Primers were designed to distinguish between two gene copies based upon the GhLIPN sequence data. The putative homoeologs were designated GhLIPN-1 and GhLIPN-2 based on a 13 bp insertion/deletion site in intron six, which was initially the main distinguishing feature between the genomic sequences obtained (1 = No insert, 2 = Insert present). The insert sequence was present in the primer used to amplify GhLIPN-2 and absent in the primers used to amplify GhLIPN-1 (Additional file 1: Table S1 ). Each PCR contained 1 X reaction buffer (at 2 mM MgSO 4 f.c.), 0.2 mM dNTPs (Bioline), 0.2 lM of each homoeologspecific primer (HSP), 0.04 U ExSel DNA polymerase (JMR Holdings) and 133 ng DNA template. The PCR cycling parameters were an initial denaturation at 94°C for 2 min, then 35 cycles of denaturation at 94°C for 20 s, annealing at 60°C for 30 s and elongation at 70°C for 4 min, followed by a final elongation step at 70°C for 7 min. The PCR products were purified, cloned into a pGEM Ò -T Easy vector and sequenced.
Amplification of each GhLIPN promoter
Primers were designed to distinguish between the promoter regions of both gene copies. A 17 bp indel was absent in the reverse primer used to amplify the GhLIPN-2 promoter and present in the reverse primer used to amplify the GhLIPN-1 promoter (Additional file 1: Table S1 ). The PCR reaction was identical to above mentioned, except 0.08 U ExSel DNA polymerase (JMR Holdings) was added. The cycling parameters consisted of an initial denaturation at 94°C for 2 min, then 35 cycles of denaturation at 94°C for 20 s, annealing at 50-60°C for 30 s and elongation at 70°C for 2 min, followed by a final elongation step at 70°C for 7 min. The PCR products were purified, cloned into a pGEM Ò -T Easy vector and sequenced.
Sequence analyses, assembly and alignments
The possibility of introduced errors in PCR amplification and sequencing was kept to a minimum by using a highfidelity Taq polymerase in all the PCRs, and sequencing three or more clones from each single single PCR. DNA sequencing was performed according to the manufacturer's protocol (Applied Biosystems, Foster City, CA, USA). Sequences were analysed and assembled with ChromasPro (Technelysium, Brisbane Australia), whereas DNAssist (Version 5.1) and CLC Main Workbench was utilised for routine genomic sequence alignments. Homoeologous protein sequences were identified and compared to characterised gene products with the BLASTP (basic local alignment search tool-BLAST) search algorithm provided by the NCBI/NIH (http://www.ncbi.nlm.nih.gov.BLAST). Alignments between homoeologous protein sequences were performed with ClustalW in ChromasPro.
A phylogenetic tree showing the relationship between the lipin homoeologs and their ancestral representatives from G. rainmondii and G. herbaceum was constructed with neighbourhood joining analysis using MEGA5 (Tamura et al. 2011) . The 811 bp sequence from G. herbaceum was amplified with Herb_lip_F1 (5 0 -GCTTTGT TTATGTAGGATGG-3 0 ) and Herb_lip_R1 (5 0 -GTTCAATGGATGAGGTTG-3 0 ) (Additional file 1, Table  S1 ) and sequenced (Inqaba Biotech, Pretoria, South Africa).
PlantCARE (http://bioinformatics.psb.ugent.be/webtools/ plantcare/html) and PLACE (http://www.dna.affrc.go.jp/ PLACE), two web-based software programmes, were used to identify putative cis-elements in the promoter regions. Several bioinformatics web-based software programmes were used for complementary prediction and/or analysis of the domain architecture of the gene products and identification of signature motif regions. These included: InterPro (www.ebi. ac.uk/interpro), Pfam (http://pfam.sanger.ac.uk), ExPASy proteomics server (expert protein analysis system) from the Swiss Institute of Bioinformatics (SIB) (http://au.expasy.org), PROSITE (http://ca.expasy.org/prosite), ProtParam (protein identification and analysis tool) (http://au.expasy.org/tools/ protparam.html) PANTHER (protein analysis through evolutionary relationships) (www.pantherdb.org), SMART (simple modular architecture research tool) (http://smart. embl-heidelberg.de), PRODOM (protein domain) (http:// prodom.prabi.fr/prodom/current/html), My Hits-Motif Scan using hidden Markov models (HMMs) (http://myhits. isb-sib.ch/cgi-bin/motif_scan) and GO (gene ontology) (www.geneontology.org).
Southern blot
Genomic DNA was extracted from cotton cell suspensions using a CTAB protocol (Sambrook et al. 1989) . DNA (30 lg) was restriction-digested (3 U restriction enzyme/lg DNA) overnight at 37°C with XbaI, EcoRI, and HindIII (Fermentas, St. Leon-Rot, Germany) in a total volume of 200 ll. The restriction digests were purified with a sodium acetate precipitation to remove contaminants and reduce the volume of the digested DNA. The purified DNA (20 lg) was electrophoresed at 4°C on a 0.8 % (w/v) TAE (40 mM Tris-acetate; 1 mM EDTA) agarose gel at 20 V and DNA was transferred to a Hybond-N ? nylon membrane (Amersham, Little Chalfont, UK) using an upward transfer system (Sambrook et al. 1989 ). The membrane was baked at 80°C for 2 h, to immobilise the DNA. The 123 bp probe targeting the third exon was prepared with a PCR digoxygenin (DIG) Probe Synthesis Kit (Roche Diagnostics), according to the manufacturer's instructions using forward (RTF2) and reverse (RTR2) primers (Additional file 1: Table S1 ). The membrane was hybridised with 20 pM (final concentration) of the heat-denatured DIGlabelled probe in pre-warmed ULTRAhyb TM Ultrasensitive Hybridisation Buffer (Ambion) for 20 h at 42°C with constant agitation. Detection of the membrane was carried out with a DIG Luminescence Detection Kit (Roche Diagnostics), according to the manufacturer's instructions.
Time study of gene expression in cotton cell suspensions induced with the CWD V. dahliae elicitor Cotton cell suspensions (cv OR 19 ) were treated with 5 lg/ml CWD V. dahliae elicitor. RNA was isolated from the suspensions at 0 (calibrator), 2, 4, 6, 8, and 10 h with an RNeasy Ò Plant Mini Kit (Qiagen). Total RNA was digested with an RNase-free DNase (Promega) to remove any carryover DNA contamination. The RNA concentration and quality was assessed by spectrophotometry and 1.2 % agarose gel electrophoresis, respectively. A Transcriptor Reverse Transcriptase (25 U) (Roche Diagnostics) was used to reverse transcribe 1 lg RNA to cDNA in a 10 ll RT-PCR reaction according to the manufacturer's instructions. Relative qRT-PCR was performed with 18S as a reference gene using a LightCycler Ò FastStart DNA Master PLUS SYBR Green I kit (Roche Diagnostics) on a RotorGene 3000 (Corbett Research, Sydney, Australia), using 2 ll cDNA as the template and 0.2 lM of forward (RTF2) and reverse (RTR2) primers (Additional file 1: Table S1 ). The cycling conditions were 95°C for 10 min, followed by 40 cycles of 95°C for 10 s, 60°C for 8 s, 72°C for 10 s. The experiment was performed in duplicate with two technical PCR repeats. The qRT-PCR data was processed according to the standard curve method (Larionov et al. 2005) . A non-treated, 0 h calibrator was used to normalise the expression of GhLIPN (designated as onefold), with all experimentally-derived quantities reported as an n-fold difference relative to the calibrator, as described in Wong and Medrano (2005) .
Results

Analysis of the full-length GhLIPN sequences
The full genomic sequence containing the GhLIPN gene was identified and characterised from the C1B10 EST using genome walking, PCR, 5 0 /3 0 RACE and RT-PCR. The genomic sequence contained untranscribed regions at both the 5 0 (upstream) and 3 0 (downstream) ends (Additional file 2: Figures S1 and S2 ). The transcribed GhLIPN sequences were identified from 5 0 /3 0 -RACE and RT-PCR, and translated to reveal that GhLIPN encodes a lipin phosphatidate phosphatase (PAP). During GhLIPN sequence assembly, it became apparent that two copies of the gene (designated GhLIPN-1 and -2) were amplified. Homoeolog-specific PCR amplification of GhLIPN, using homoeolog-specific gene primers (HSPs) (Additional file 1: Table S1 ), was subsequently performed to obtain the full genomic sequence of each gene copy. The sizes of the genomic sequences containing the GhLIPN gene copies were 8,423 and 6,704 bp, for GhLIPN-1 (Genbank: HQ630674) and GhLIPN-2 (Genbank: HQ630675), respectively and their genomic sequences had an overall sequence divergence of 2.5 % (ungapped).
The putative GhLIPN transcription start site (TSS) (Additional file 3: Figure S3 ) was determined from a 5 0 RACE reaction that produced a 1,846 bp fragment (results not shown). The transcription end site was determined from the longest of two 3 0 RACE products (a 448 bp fragment, results not shown), which matched GhLIPN-1. The size of the GhLIPN-1 3 0 -untranslated region (UTR) was 351 bp and poly (A) signal sequences were identified downstream of the 3 0 -end (Additional file 2: Figure S1 ). Due to the preferential amplification of GhLIPN-1 in the 3 0 RACE and downstream genome walking reactions, the experimentally obtained GhLIPN-1 genomic sequence included the 3 0 -UTR, as well as genomic sequence following the transcription end site (obtained from a 1,402 bp fragment) (Additional file 2: Figure S1 ). In contrast, the genomic sequence obtained for GhLIPN-2 did not contain the full 3
0 -UTR, but ended at the same site as the C1B10 EST, after the translation stop site (Additional file 2: Figure S2 ).
Sequences obtained from the RACE and RT-PCRs were assembled and aligned with the genomic DNA sequences to obtain the full cDNA sequence of each GhLIPN gene copy and to identify intron splice junctions. The homoeologs each contain 11 exons, separated by ten introns at the same intron-exon splice junctions (Fig. 1) . Unusually, the first exon is in the 5 0 -UTR and is therefore non-coding. There are therefore ten coding exons in the GhLIPN-1 and -2 open reading frames (ORFs), separated by nine introns. The intron sequences differ by 2.97 % and the exons differ by 2.27 % (ungapped). The sizes of the full-length cDNA transcripts are 4,467 and 4,479 bp, for GhLIPN-1 and -2, respectively, and the ORF sequence is 2,643 bp for both GhLIPN gene copies. The translation start and end sites were determined by translation of the spliced GhLIPN transcripts from the first ATG codon to the first in-frame stop codon (TAA) (Additional file 2: Figures. S1 and S2) . The ATG translation start site is located 715 and 695 bp downstream from the predicted TSSs in the genomic sequences of GhLIPN-1 and -2, respectively, due to the intron in the 5 0 -UTR. The ATG start site is, however, only 204 and 186 bp downstream from the predicted TSSs of the GhLIPN-1 and -2 spliced transcripts, respectively (Additional file 2: Figures S1 and S2 ).
GhLIPN amino acid sequence comparison and physico-chemical properties
The deduced GhLIPN-1 and -2 amino acid sequences have a length of 880 aa, an estimated molecular mass of 96.72 and 96.94 kDa, respectively, and a calculated pI of 4.70 (deduced from DNAssist and ExPASy). A ClustalW alignment between the GhLIPN-1 and -2 amino acid sequences revealed 40 mismatches (4.50 % of the total length), of which 16 and 5 are conserved and semiconserved, respectively (Additional file 3: Figure S3 ). A 5 aa DxDxT/V HAD domain catalytic motif and 17 aa bipartite nuclear localisation signal (NLS) are conserved in both proteins (Fig. 1a and Additional file 3: Figure  S3 ). Four amino acid mismatches are evident in the N-terminal lipin domains of the GhLIPN proteins, of which two are conserved (S/T and Q/E) and two are semi-conserved (A/P and A/V). Only one (unconserved) mismatch occurs in the HAD domains of the GhLIPN proteins (where GhLIPN-2 has an Arg in place of an Ile at position 824).
Domain and post-translational modification analysis
The GhLIPN-1 and -2 genes were confirmed to code for lipin proteins, based on the results of several motif scans. The lipin domain occurs at the N-terminus of the proteins and a HAD-like domain is found towards the C-terminus within a region loosely referred to as the C-terminal lipin (C-LIP) domain. Figure 1a displays the various motifs graphically and indicates where on the protein sequences they are located. GhLIPN-1 and -2 were analysed further to examine potential post-translational modification sites (Additional file 4: Table S2 ).
GhLIPN homoeology
The GhLIPN amino acid sequences were used in a Position-Specific Iterated (PSI)-BLAST of the non-redundant (nr) Viridiplantae NCBI database to compare them with currently available homoeologous lipin domain-containing protein sequences in plants (hereon referred to as lipinlike). Of the eleven identified Viridiplantae species with homoeologous lipin-like proteins seven were from seed plants, three from green algae and one from a moss ( Table 1 ). The lipin-like proteins with the greatest homoeology to the GhLIPN homoeologs had E scores of 0. These were from Vitis vinifera (XP_002274246), with a percentage identity of 61-62 %, and A. thaliana AtPAH1 (At3g09560, NP_187567), with percentage identity of 53 %. AtPAH2 (At5g42870, NP_199101), an ortholog of AtPAH1 had E scores of 2e -153 and 4e -155 and a percentage identity of 57 % to GhLIPN-1 and -2, respectively.
An alignment between the GhLIPN homoeologs and the lipin-like proteins from V. vinifera (XP_002274246) and A. thaliana (NP_187567, representing AtPAH1) is shown in Additional file 5, Figure S4 . The HAD domains are found within C-LIP domains, which were identified from an alignment of lipins from different taxonomic groups (Péterfy et al. 2001 ). Overall, a higher degree of similarity is evident within the conserved N-and C-terminal lipin domains compared to the sequences between the two domains. The DxDxT/V catalytic signature motifs of the HAD domain and the NLS are highly conserved among the plant lipin-like proteins. The same high degree of conservation was evident when the HAD domains of the GhLIPN homoeologs were aligned to those of lipin-like proteins in other plant species.
Ancestral genome prediction of GhLIPN homoeologs
In an attempt to determine as to which ancestral genome (A or D) each of the GhLIPN homoeolog copies is derived from, a BLAST search of the official cotton EST database (http:// www.agcol.arizona.edu/cgi-bin/pave/Cotton/index.cgi) was performed to find sequences representing GhLIPN orthologs from G. arboreum/G. herbaceum and G. raimondii (extant species representing the ancestral A-and D-genomes, respectively). An orthologous EST (Genbank: CO087195), comprised of 5 0 and 3 0 mRNA, from G. raimondii (D-genome) had an E score of 0 to the GhLIPN homoeologous cDNA sequences. No sequences representing orthologous lipin genes were identified from G. arboreum/G. herbaceum (A-genome) on NCBI at the time of the study so a portion of the gene was amplified from G. herbaceum genomic DNA for sequence comparisons. The spliced nucleotide GhLIPN sequences (transcribed sequence from 1 to 210 nt and genomic sequence from 211 to 1,021 nt in the alignment) were aligned with the G. raimondii CO087195 EST and an 811 bp genomic region amplified from G. herbaceum (Additional file 6: Figure S5A ). The translated amino acid sequences were also compared ( Figure S5B ). A phylogenetic tree was constructed based on a 500 bp region where all four sequences were aligned in the nucleotide alignment (from the beginning of the G. herbaceum sequence to the end of the G. raimondii sequence) to predict the genomic ancestry of the homoeologs (Fig. 2) . It is clear from the multiple sequence alignments and the phylogenetic analysis that the GhLIPN-2 homoeolog derived from the ancestral D-genome (represented by the CO087195 EST from G. raimondii) and that the GhLIPN-1 homoeolog derived from the ancestral A-genome (represented by the 811 bp amplified fragment from G. herbaceum).
Copy number determination
A Southern blot with genomic DNA from G. hisutum digested with XbaI, EcoRI, and HindIII was performed to determine the copy number of GhLIPN. High stringency hybridisation of the DIG-labelled probe, targeting the third exon (Fig. 1b) , each produced a single band (Fig. 3) . A single band is consistent with the gene sequences as there are identical restriction sites for the enzymes used in both the gene copies.
Promoter analyses and GhLIPN expression in response to the cell-wall-derived Verticillium dahliae elicitor Promoter sequences corresponding to each gene copy were obtained by PCR, performed upstream of an identified 17 bp indel in the 5 0 -untranslated region (5 0 -UTR) of GhLIPN with HSPs. The obtained GhLIPN-1 promoter sequence was 1,464 bp compared to the 1,289 bp obtained for GhLIPN -2 (Additional file 7, Figure S6 ). The alignment of the promoter regions shows a large number of SNPs between the GhLIPN promoters, as well as many indels. The largest indel is a 437 bp fragment, present only in the GhLIPN-1 promoter. The GhLIPN-1 and -2 promoters were examined for cis-acting elements, associated with the binding of specific regulatory transcription factors (TFs). The length of the analysed promoter sequence was restricted to 1 kb from the TSSs (?1) for GhLIPN-2, however, to facilitate the alignment between the promoters, 1,441 bp of the GhLIPN-1 promoter was included in the analysis. A canonical TATA-box was not identified in the analysed promoter sequences of either gene. Despite the substantial difference in length between the analysed portions of the promoters, most of the identified putative cis-elements related to defence-, stressand hormone responses were present in both the GhLIPN-1 and -2 promoters (Table 2 and Additional file 7, Tables  S3A-C) .
To confirm the up-regulation of the GhLIPN transcripts by the CWD V. dahliae elicitor, and to investigate the time 
GhLIPN-2
Mol Genet Genomics (2013) 288:519-533 527 period of the elicitation, cotton cell suspensions from the resistant OR 19 cv were treated with the elicitor over a 10 h period and transcription of GhLIPN was monitored with qRT-PCR. Transcription of GhLIPN increased up to 6 h, whereby the maximum average fold-change (FC) was more than four times higher than the control at 0 min (Fig. 4) . Transcription of GhLIPN increased only slightly after 2 h induction with the elicitor, but had more than doubled between 2 and 4 h post-elicitation. The induced response was transient as after a maximal FC was observed at 6 h, GhLIPN transcription levels decreased to a level comparable to 4 at 8 h post-elicitation. Although a slight increase in transcription was observed between 8 and 10 h posttreatment, it was not significant enough to verify a second marked up-regulation of GhLIPN.
Discussion
This is the first study that describes the genomic architecture of lipin homoeologs in a polyploid plant, allotetraploid cotton. We describe the structure of the promoter regions, complete cDNA structure, exon-intron organisation, copy number and the up-regulation of GhLIPN in response to a CWD V. dahliae elicitor. Based on our findings, we propose that in addition to their purported roles in lipid metabolism, lipins may also be involved in a defence role in cotton against V. dahliae.
GhLIPN-1 and -2 are lipin genes
During the sequence acquisition and alignments of the genomic GhLIPN sequences, it became clear that two highly homoeologous sequences (designated GhLIPN-1 and -2) were being differentially amplified. The possibility of the gene copies representing paralogs (i.e. members of a gene family) is unlikely since the Southern blot, produced only a single band (Fig. 3) for each of three digests. A single band is consistent with the gene sequences as there are identical restriction sites for the enzymes used in both the two gene copies. The gene copies in G. hirsutum can thus be represented as AADD, since both copies from each parent are generally homozygous van Deynze et al. 2009 ). This suggests that the GhLIPN gene copies are likely homoeologs that derive from the two separate ancestral genomes within G. hirsutum. In contrast, most non-polyploid plant species have two paralogous copies of lipin genes (Nakamura et al. 2009 ).
The GhLIPN homoeologs contain complex intron-exon structures, with a high level of conservation in both the size and position of the introns, and conformed to GT-AG splice junctions (Breathnach and Chambon 1981) . The first GhLIPN intron interrupts the 5 0 -UTR of the homoeologs, and consequently, the first exon is in the 5 0 -UTR and is therefore non-coding. An examination of the gene structure of sequenced lipins in the NCBI database revealed that a non-coding exon in the 5
0 -UTR appears to be a conserved feature in the lipins of more evolved eukaryotes. Péterfy et al. (2005) reported alternatively spliced lipin isoforms in mouse adipocytes that exhibit distinct expression patterns, subcellular localisation, and complementary roles (Csaki and Reue 2010) . In this study, with undifferentiated cultured cotton cells, no indication of alternative splicing of the GhLIPN homoeologs was observed.
An investigation of the degree of sequence divergence between homoeologous genes provides insight into the evolutionary dynamics at play between duplicated loci since reciprocal recombination, gene conversion, and other forms of non-independence among homoeologs remain evolutionary possibilities (Small and Wendel 2002; Salmon et al. 2010 ). An alignment of the GhLIPN-1 and -2 genomic sequences indicated multiple putative homoeoSNPs (Salmon et al. 2010) , and several indels, varying in size from between 1 and 3, to 13 and 17 bp. None of the indels occur in the coding exons, and the translated nucleotide sequences of both homoeologs have an equal number of amino acids. Overall, the sequence divergence between the ungapped genomic DNA of the homoeologs was 2.5 %. Most of the putative homoeo-SNPs in the Fig. 4 Real-time relative quantitation PCR analysis to confirm induction of GhLIPN following elicitation with the V. dahliaederived elicitor. Cotton cell suspensions were treated with 5 lg/ml V. dahliae elicitor and RNA was isolated from treated suspensions at the given time points. Error bars represent the SEM of two biological repeats and two technical repeats (n = 4). Significant differences at P \ 0.05 between the treated samples and the 0 h control (calibrator, designated as onefold) are indicated with asterisks translated GhLIPN gene sequences resulted in non-synonymous mutations (40), while comparatively fewer nonsynonymous mutations were observed (18) (Additional file 3: Figure S3 ), which suggests that the homoeologs may have undergone differential selection during evolution.
The results of this study reveal a high sequence conservation in the ungapped GhLIPN genomic sequences (97.50 %). Additionally, the putative homoeo-SNPs differentiating the GhLIPN gene copies were distributed fairly evenly across the A T and D T GhLIPN genomic sequences, indicating that sequence conservation is high in both introns and exons alike. However, a comparison of the sequence divergence of the ungapped regions spanning the introns and exons within the GhLIPN ORFs indicates that the sequence diversity of the introns (2.97 %) is slightly more than that of the coding exons (2.27 %) as expected. Further, genomic sequences averaged across six amplicons between G. raimondii (D-genome) and G. arboreum (A-genome) have previously been reported to show *3.7-fold more polymorphisms in introns than exons (Chee et al. 2004 ).
Genomic origin analysis
The analysis and genome designation of homoeologous gene pairs provides information on the differential evolutionary pressures imposed upon each subgenome ). However, due to the shortage of sequence information for both diploid and allotetraploid Gossypium species, relatively few homoeologous genes from allotetraploid Gossypium have been classified as belonging to either A T or D T genomes. The extant species, G. arboreum (or G. herbaceum) and G. raimondii, best represent the ancestral A-and D-genome progenitors, respectively (van Deynze et al. 2009) , and sequences from these diploid species are therefore used to determine the parentage of homoeologous sequences from allotetraploids. Given that the A-and D-genomes have undergone little evolution since the polyploidisation event 1-2 Mya (Wendel 2000; Salmon et al. 2010 ) and because they are divergent enough in both diploids and allotetraploids (van Deynze et al. 2009 ), individual homoeo-SNPs are sufficient to determine genome ancestry (e.g. Small et al. 1999; Senchina et al. 2003; Udall et al. 2006; Udall 2008; van Deynze et al. 2009; Salmon et al. 2010) .
The genomic ancestry of the homoeologs was determined by comparing their sequences to a homoeologous EST from G. raimondii (CO087195), representing the D-genome diploid ancestor and an 811 bp product amplified from G. herbaceum genomic DNA, representing the A-genome diploid ancestor. The homoeo-SNPs from theGhLIPN-2 homoeolog generally agree with the G. raimondii sequence, while those from GhLIPN-1 consistently (except in one instance) agree with the G. herbaceum sequence (Additional file 8: Figure S5A and B). The phylogenetic tree supports these results (Fig. 3) and suggests that the GhLIPN-2 homoeolog belongs to the D T genome and GhLIPN-1 to the A T genome of G. hirsutum. The D T genome is consistently more divergent to the D-genome from G. raimondii compared to the A T genome and the A-genome from G. arboreum or G. herbaceum (Senchina et al. 2003; van Deynze et al. 2009 ). G. arboreum and G. herbaceum are therefore better representatives of the A-genome ancestor than G. raimondii is of the D-genome ancestor (Senchina et al. 2003) . Moreover, the evolutionary rate of divergence in the D T genome is often significantly higher than that of the A T genome, although the specific divergence rate does appear to be gene-specific (Small and Wendel 2002; Senchina et al. 2003; van Deynze et al. 2009 ).
In silico protein analysis
The GhLIPN homoeologs contain an N-terminal lipin domain (N-LIP) and a HAD domain within their C-LIP, which are distinctive features of lipins (Fig. 1a) . These domains are highly conserved among plant lipin orthologs (Additional file 5, Figure S4 ) and this conservation is maintained across diverse eukaryotic species (Péterfy et al. 2001; Reue and Zhang 2008) . Mutations within these domains are linked to various metabolic diseases in mammals (Péterfy et al. 2001; Donkor et al. 2009 ), signifying their functional importance (Reue and Zhang 2008) . The HAD domain of the GhLIPN homoeologs contains a catalytic active site with a distinctive signature sequence, DxDxT/V (Carman and Han 2009 ), indicating that they are functional PAPs. This highly conserved site is usually present as DVDGT in plants and DIDGT in mammals, and classifies lipins as members of the HAD-like superfamily (Burroughs et al. 2006; Reue and Zhang 2008) . Mutating either or both of the Asp (D) residues renders the PAP activity of lipins inactive (Han et al. 2007; Mietkiewska et al. 2011) . Other conserved amino acid residues within the N-LIP and HAD domains have also been identified as crucial for PAP activity in mammals. These residues are a Gly in the N-LIP domain (Gly 83 in the GhLIPN aa sequences) and a Ser in the HAD domain (Ser 729 in the GhLIPN aa sequences) (Donkor et al. 2009 ).
Lipins are primarily soluble proteins occurring in the cytoplasm, although they localise in the membrane fractions (ER and nucleus) under specific circumstances (Péterfy et al. 2005; Liu and Gerace 2009) . When expressed in yeast, AtPAH1 is found predominantly in the cytoplasm. However, upon elicitation with oleic acid, AtPAH1 migrates to the nucleus, suggesting that it has a role in regulating gene expression (Mietkiewska et al. 2011 ).
The bipartite NLS reportedly plays a role in the nuclear localisation of lipins (Péterfy et al. 2010) . The position of the NLS varies between the eukaryotic taxonomic groups. In mammals it is typically found towards the N-terminus, following the lipin domain, whereas in plants it is located towards the C-terminus, within the HAD domain (Fig. 1a and Figure S4 ). In addition to the HAD active site motif, some mammalian C-LIP domains also contain a leucinerich LxxIL motif reported to be involved in transcriptional coactivator functions (Reue and Zhang 2008) . This was not present in the GhLIPN homoeologs and the V. vinifera and A. thaliana proteins, although leucine-rich sequences (LLFLS, LLNL, LFPSL and LHTL) do occur downstream of the DVDGT motif (Additional file 5, Figure S4 ).
Promoter analyses
The determined promoter sequences of the GhLIPN homoeologs differ significantly, mostly due to indels (Additional file 7, Figure S6 ). Most notably, the GhLIPN-2 promoter (predicted to be from the D T genome) lacks a 437 bp insert that is present in the GhLIPN-1 promoter (predicted to be from the A T genome).
The promoters of homoeologous genes frequently exhibit a certain degree of cis-regulatory divergence ). However, despite the sequence discrepancies between the GhLIPN promoters, the majority of the putative cis-elements identified in the analysed promoter regions occur in both promoters, although their relative positions to the TSS and frequency of occurrence generally differ (Additional file 7, Figure S6 ). The GhLIPN homoeologs contain numerous cis-elements, suggesting that they respond to a large and diverse repertoire of TFs (Additional file 7, Table S3A-C). There is a positive correlation between genes that respond to diverse stimuli and the amount of cis-elements in their promoters, with genes functioning in transcriptional regulation, stress responses and signalling processes containing the most cis-elements (Walther et al. 2007 ). This is in line with the recently suggested role of plant lipins functioning in the regulation of gene expression (Mietkiewska et al. 2011) . A distinctive feature of the GhLIPN promoters was the number of potential stress-responsive cis-elements, particularly those involved in plant defence and elicitation (Table 2 and  Additional file 7: Table S3 ), which suggests that they have a defence-associated gene expression.
Two archetypical defence-related cis-elements found in both GhLIPN promoters are the W-boxes (TTGAC[C/T]), which bind WRKY TFs, and GCC boxes (AGCCGCC), which bind ethylene-response factors (ERFs). WRKY TFs have become iconic defence-associated TFs since they are over-represented in defence-related gene promoters (van den Burg and Takken 2009). Furthermore, several studies have shown that systemic acquired resistance (SAR)-induced genes, co-regulated with PR-1, have an over-representation (*4.30) of W-box or W-box-like motifs in their promoters (Maleck et al. 2000; Eulgem 2005 ). The GhLIPN-1 and -2 homoeologs fulfil this criterion with six and three non-overlapping W-boxes in their promoters. The promoters also each contain two conserved ERF-binding GCC boxes which play a key role in elicitor-induced activation of defence genes during plant-pathogen interactions (Rushton et al. 2002) . ERF TFs are regulated by ethylene signalling, typically as part of the plant defence response (Ohme-Takagi et al. 2000) . However, other defence-signalling hormones, mostly jasmonic acid, but also salicylic acid, are also reportedly involved in ERF regulation (Lorenzo and Solano 2005; Leon-Reyes et al. 2009 ). In addition, both GhLIPN promoters contain ciselement sites for several other defence-associated TF families, namely, MYB, MYC, DOF and GT1 TFs. Several members of these TF families regulate defence-related genes (Jalali et al. 2006) .
Several abiotic stress-responsive cis-elements were also detected in the GhLIPN promoters (Additional file 7: Table  S3C ). These cis-elements are mostly dehydration-and cold-responsive, and hormonally regulated by ABA. There is ample evidence that demonstrates the complicated networks of TFs involved in regulating and integrating multiple stress stimuli of both a biotic and abiotic nature (Cheong et al. 2002; Wyrick and Young 2002) . This elaborate cross-talk between diverse regulatory pathways (Koorneef and Pieterse 2008; Huang et al. 2012 ) results in considerable overlap with regards to the different cis-elements, and their corresponding TFs, regulating the different stress signalling pathways.
Expression dynamics of GhLIPN in response to elicitation with the cell-wall-derived Verticillium dahliae elicitor and the potential role of GhLIPN in plant defence signalling Transcriptional bias is frequently observed among the homoeologs of polyploids due to subfunctionalisation Flagel and Wendel 2010) . Howcever, stress conditions can exert differential effects on homoeolog gene expression, which varies according to the gene, stress and organ type (Dong and Adams 2011) .
The up-regulation of GhLIPN transcription in response to the V. dahliae elicitor was confirmed using qRT-PCR (Fig. 4) . The transcription was significantly up-regulated after 4 h, and peaked at 6 h post-elicitation with an approximate 4.4 fold-induction. This transient expression pattern is similar to that of an early-response defence gene and supports the observations made on the presence of cis-elements involved in elicitor-and defence responses.
Due to the highly homoeologous nucleotide sequences, the primer pair used was not able to distinguish between the transcripts from the two homoeologs. Although recent results indicate that genome-wide expression level dominance between homeologs in AADD allotetrapoid cotton is biased towards the A-genome (Yoo et al. 2013) , and thus GhLIPN-1, the co-amplification of transcripts originating from the GhLIPN-2 homoeolog cannot be excluded.
Plant lipins perform key roles in the reorganisation of glycerolipids by hydrolysing phospholipase D (PLD) generated phosphatidic acid (Nakamura et al. 2009; Eastmond et al. 2010) . PA is a phospholipid signalling molecule and its levels constantly fluctuate in response to various stimuli (Testerink and Munnik 2005) . Both PA and PLD have been implicated in various biotic and abiotic plant stress responses which include pathogen infection and oxidative stress (de Torres et al. 2002; Testerink and Munnik 2005) . In addition, PA and certain classes of PLDs are up-regulated in response to various elicitors (den Hartog et al. 2003; Yamaguchi et al. 2005; Li et al. 2009 ). PA and PLD activity often mediate hormonal signalling and have been reportedly associated with ABA and ET-triggered stress responses (Fan et al. 1997; Jacob et al. 1999) . The specific timing of PLDs and subsequent PA production does, however, differ depending on the class of PLD, the specific elicitor, the type of plant material assayed and the conditions of elicitation (de Torres et al. 2002; den Hartog et al. 2003; Testerink and Munnik 2005; Li et al. 2009 ).
It is vital for signalling molecules to be rapidly downregulated to pre-stimulation levels following signal transduction, in order to tightly couple their response to the stress stimuli (Munnik 2001) . Therefore, the concomitant transcriptional up-regulation of a PA attenuating gene is expected following PA signal transduction. The timing of the transcriptional up-regulation of GhLIPN in response to elicitation suggests that the PAP activity may be responsible for the attenuation of PLD-derived PA in defence signalling. This possibility is consistent with the observed up-regulation of AtPAH1 and AtPAH2 in early defence responses to Pseudomonas syringae, Blumeria graminis and salicylic acid treatment (https://www.genevestigator. com).
Conclusions
Previous studies have shown that lipins from A. thaliana are involved in ER-mediated lipid remodelling and it is likely that the GhLIPN homoeologs perform similar functions in cotton. However, the results obtained in the present study add a new dimension to the proposed roles of lipins in plants by suggesting that lipins may have a role in defence signalling. Specifically, we suggest that, based on prevalence of defence-related cis-elements in its promoter, and its expression profile in response to elicitation, GhLIPN may play a role in the defence-signalling responses of cotton against V. dahliae, possibly through attenuation of the PLD-derived PA stress signal. This intriguing aspect warrants further investigation and together with further studies involving the genome-specific expression of GhLIPN will add much needed information to the changes in the cotton transcriptome in response to pathogens.
